Tyrosine hydroxylase (TH) is the initial and rate-limiting enzyme for the biosynthesis of catecholamines that are considered to be involved in a variety of neuropsychiatric functions. Here, we report behavioral and neuropsychological deficits in mice carrying a single mutated allele of the TH gene in which TH activity in tissues is reduced to ϳ40% of the wild-type activity. In the mice heterozygous for the TH mutation, noradrenaline accumulation in brain regions was moderately decreased to 73-80% of the wild-type value. Measurement of extracellular noradrenaline level in the frontal cortex by the microdialysis technique showed a reduction in high K ϩ -evoked noradrenaline release in the mutants. The mutant mice displayed impairment in the water-finding task associated with latent learning performance.
Tyrosine hydroxylase (TH) is the initial and rate-limiting enzyme for the biosynthesis of catecholamines that are considered to be involved in a variety of neuropsychiatric functions. Here, we report behavioral and neuropsychological deficits in mice carrying a single mutated allele of the TH gene in which TH activity in tissues is reduced to ϳ40% of the wild-type activity. In the mice heterozygous for the TH mutation, noradrenaline accumulation in brain regions was moderately decreased to 73-80% of the wild-type value. Measurement of extracellular noradrenaline level in the frontal cortex by the microdialysis technique showed a reduction in high K ϩ -evoked noradrenaline release in the mutants. The mutant mice displayed impairment in the water-finding task associated with latent learning performance.
They also exhibited mild impairment in long-term memory formation in three distinct forms of associative learning, including active avoidance, cued fear conditioning, and conditioned taste aversion. These deficits were restored by the drug-induced stimulation of noradrenergic activity. In contrast, the spatial learning and hippocampal long-term potentiation were normal in the mutants. These results provide genetic evidence that the central noradrenaline system plays an important role in memory formation, particularly in the long-term memory of conditioned learning.
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The noradrenaline system in the CNS is known to be involved in a wide variety of neurological and psychological functions, such as cognition, attention, emotion, and memory formation (for review, see Foote et al., 1983; Robbins and Everitt, 1995) . The central noradrenaline system originates from certain cell groups in the locus ceruleus and the lateral tegmental area in the brain stem and projects to discrete brain regions, including the cerebral cortex, amygdala, hippocampus, and thalamus through different noradrenergic bundles (Moore and Card, 1984) . These cell groups have extensive collaterals and dense terminal arborizations. At the cellular level, noradrenaline modulates neuronal excitability by opening or closing ion channels depending on the receptor subtypes and second messengers involved (for review, see Nicoll et al., 1990; Dohlman et al., 1991) . Moreover, many clinical investigations have implicated alterations in the noradrenaline system in the pathological states of neuropsychiatric diseases, such as depression, anxiety disorder, and attention-deficit disorder (Rubin et al., 1985; Charney et al., 1987 Charney et al., , 1992 Oades, 1987; Schatzberg et al., 1989) . Some of the drugs that alter the central noradrenergic action improve the symptoms of these disorders.
Tyrosine hydroxylase (TH) catalyzes the conversion of L-tyrosine to L-3,4-dihydroxyphenylalanine, which is the first and rate-limiting step of the biosynthesis of catecholamines (Nagatsu et al., 1964) . The expression level and activity of TH are regulated by transcriptional control of gene expression or by posttranslational modification of the protein via phosphorylation (Zigmond et al., 1989) . The regulatory mechanism of the TH reaction is generally considered to play a key role in controlling the catecholaminergic action. A null mutation in the mouse TH gene causes profound depletion of catecholamines and lethality of the homozygous mutants at the perinatal stage because of cardiovascular failure (Kobayashi et al., 1995; Zhou et al., 1995; Rios et al., 1999) . On the other hand, mice heterozygous for the TH mutation are apparently normal in their development and gross behavior, but they display a decline in TH activity in their tissues because of the gene dosage effect (Kobayashi et al., 1995) .
In the present study, we examined behavioral and neuropsychological functions involving the noradrenaline system in TH ϩ/Ϫ heterozygous mutant mice. We found that the mutant mice had a reduction in the biosynthesis and release of noradrenaline in the brain. This decrement resulted in impairments in latent learning and long-term memory in three distinct forms of associative learning (active avoidance, fear conditioning, and conditioned taste aversion). In contrast, the spatial learning and hippocampal long-term potentiation (LTP) were normal in the mutants. These data indicate that the latent learning and longterm memory of conditioned learning are highly susceptible to a reduction in the brain noradrenaline level.
MATERIALS AND METHODS
Animals. Gene targeting of the mouse TH locus was described in our previous study (Kobayashi et al., 1995) . The TH mutation was introduced by homologous recombination with embryonic stem (ES) cells obtained from the 129/SvJ mouse strain. The ES cells with the mutation were injected into C57BL /6J blastocysts, which were implanted into the uterine horns of ICR pseudopregnant females. Male chimeras were mated with C57BL /6J females. Mice heterozygous for the mutation were backcrossed to C57BL /6J mice for more than five generations. All mice used in the present study were littermates of 12-16 weeks of age, and the biochemical, behavioral, and electrophysiological data were compared between the wild-type and TH ϩ/Ϫ heterozygous mutant mice. Animal care and handling procedures were in accordance with the guidelines established by the E xperimental Animal C enter of Fukushima Medical University.
Neurochemical anal ysis. Noradrenaline accumulation in the brain regions was determined with an automatic HPLC system based on a spectrofluorimetric method (Kobayashi et al., 1994) . Noradrenaline release evoked by membrane depolarization was measured by the microdialysis method (Nakahara et al., 1993) . Mice were anesthetized with sodium pentobarbital (50 mg / kg, i.p.) and surgically implanted with a microdialysis probe (membrane length of 3 mm, 0.22 mm in outer diameter, 10 m in wall thickness; Cuprophan; EIC OM, Kyoto, Japan) into the frontal cortex using the coordinates anteroposterior ϩ0.7, lateromedial ϩ0.3, and dorsoventral Ϫ0.5 from bregma and dura, according to the atlas of Franklin and Paxinos (1997) . After surgery, animals were allowed to recover for at least 24 hr. Artificial C SF (AC SF) was pumped through the probe at 1 l /min for 2 hr, and dialysis samples were collected at 60 min intervals. For stimulation of noradrenaline release, AC SF containing 100 mM K ϩ was perf used for 30 min at the beginning of the third and sixth fractions (S1 and S2). The amount of noradrenaline in each fraction was determined by the HPLC system equipped with an electrochemical detector. After the microdialysis experiments, mice were deeply anesthetized with sodium pentobarbital. Brains were removed and stored in 10% formaline for Ͼ1 week. Frozen brain sections (30 m thickness) were stained with cresyl violet for the verification of probe placement sites. The histological examination confirmed probe placement within the frontal cortex without apparent tissue damage.
Behavioral anal ysis. The water-finding test was performed according to the method described by Ichihara et al. (1993) . The apparatus consisted of an open field (30 ϫ 50 ϫ 15 cm) equipped with an alcove (10 ϫ 10 ϫ 10 cm) and a metal drinking tube inserted into the center of the alcove ceiling. Mice were not water deprived before the training trial and were placed individually into the open field to explore the environment freely for 3 min. After the training trial, the mice were returned to their home cages and deprived of water for 24 hr before the test trial. Each mouse was again placed in the same corner of the test apparatus, and the time between onset of exploration and initiation of drinking from the water tube was recorded as drinking latency. In addition, each mouse was scored for the time taken to enter the alcove (entering latency) and for the time between entering the alcove and drinking water (finding latency). Mice that had not been exposed to the training trial were also given the same test trials as the nontrained controls, and their latency data were recorded.
For the active avoidance test (Nishii et al., 1998) , the shuttle box apparatus consisted of two compartments with a grid floor, including one light and one dark chamber (16 ϫ 11 ϫ 11 cm), which were separated by a guillotine door. Each trial started by placing an animal in the dark compartment. A tone stimulus (80 dB) was given for 5 sec, and an electric shock (0.2 mA) for 5 sec was then delivered to the feet with a scrambled shock generator. When the tone stimulus was given, the mouse moved into the light compartment before the onset of the foot shock, and such response was counted as an avoidance. The mouse was manually returned to the dark compartment, and the subsequent trials were performed. Each animal was given 10 trials/d for 7 consecutive days.
For the cued fear conditioning test (Oike et al., 1999) , mice were placed in a neutral cage (20 ϫ 31 ϫ 11 cm), and the freezing response was measured for 1 min in the absence of sound (preconditioning phase). In the conditioning phase, mice were placed in the training cage (25 ϫ 30 ϫ 11 cm) equipped with a metal floor, and the pretrial time of 2 min was followed by a 15 sec tone (80 dB). During the last 5 sec of the tone stimulus, a foot shock of 0.8 mA was delivered through a shock generator. This procedure was repeated four times with 15 sec intervals. One and 24 hr after the conditioning, the freezing response to the tone stimulus was measured for 1 min in the presence of a continuous sound in the neutral cage. The response was monitored by an animal movement analyzer (Scanet SV-10AQ; Toyo Sangyo, Toyama, Japan) and evaluated as a suppression of locomotor activity by the tone stimulus.
For the conditioned taste aversion test (Yamamoto et al., 1994) , mice were shaped for 5 d before the start of the paradigm. During shaping, the mice were deprived of water for 23 hr and were presented with water from one drinking bottle once a day, during a 10 min session in the test cage (25 ϫ 30 ϫ 11 cm). The mice were allowed to drink water for another 50 min to avoid dehydration. On the day of conditioning, the animals received 0.5 M sucrose instead of water. Sucrose intake was measured for 10 min (preconditioning phase), and immediately thereafter they were treated intraperitoneally with 0.15 M lithium chloride (2% of body weight) as the malaise-inducing agent. This conditioning was repeated for 3 consecutive days. Taste aversion was assessed 1 and 2 d after the conditioning by measuring sucrose intake for 10 min.
The Morris water maze test was conducted in a circular pool of 1.2 m in diameter and filled with water at a temperature of 18.0 Ϯ 0.5°C as described previously (Manabe et al., 1998) . A hidden platform (7 cm in diameter) was used. The mice were given three trials (one block) for 7 consecutive days during which the platform was left in the same position. The time taken to locate the escape platform (escape latency) was determined in each trial. T wenty-four hours after the last training trial, the mice were given a probe test during which the platform was removed, and they were allowed 60 sec to search for the pool.
Electrophysiolog y. Transverse hippocampal slices (400 m) were prepared by standard techniques and media (Grant et al., 1992) . They were maintained in a submerged recording chamber that was perf used with AC SF equilibrated with 95% O 2 -5% C O 2 at 32 Ϯ 0.5°C. Field EPSPs were recorded using glass micropipettes filled with 1 M NaC l in the stratum radiatum of the CA1 region or in the stratum lucidum of the CA3 region. Test stimulus was applied at 0.05 Hz to the Schaffer collateralcommissural afferents for the CA1 responses and to the mossy fiber pathway for the CA3 responses. The LTP-inducing conditioning stimulus for the CA1 was 10 bursts of tetanus (100 Hz, 5 pulses) repeated at 5 Hz. That for the CA3 was one train of tetanus at 100 Hz for 1 sec.
RESULTS

Modified noradrenaline metabolism in the TH mutant mice
The TH activity in the tissues of the TH ϩ/Ϫ heterozygous mutants was ϳ40% of the wild-type activity because of the gene dosage effect, but their catecholamine levels in the whole brain showed nearly normal values (Kobayashi et al., 1995) . To further characterize the influences of the reduced TH activity on noradrenaline metabolism, we measured noradrenaline accumulation in dissected brain tissues (Fig. 1) . The noradrenaline levels in various brain regions of the heterozygous mutants were moderately reduced relative to the corresponding wild-type values. In particular, the noradrenaline levels were significantly reduced ( p Ͻ 0.05, Student's t test) in the frontal cortex (to 78%), midbrain (to 80%), and hypothalamus (to 73%). In the hippocampus and pons medulla, the levels tended to decrease to 79 and 80% of the controls, respectively. Then, we measured spontaneous and high K ϩ -evoked noradrenaline release in the frontal cortex by the microdialysis technique (Fig. 2) . There was no difference in spontaneous release of noradrenaline between the wild-type and heterozygous mutant mice. In response to initial high K ϩ stimulation (S1), the extracellular noradrenaline level was increased in both wild-type and heterozygous mutant mice. The value of the S1 fraction of the mutant decreased by only 18% from the wild-type value. During the second high K ϩ stimulation (S2), the extracellular noradrenaline level was elevated to an extent comparable with that during the initial stimulation in the wild-type, whereas the noradrenaline release was evidently diminished in the heterozygous mutants. The value of the S2 fraction of the mutant was 56% of the wild-type control. The S2/S1 ratio, an indicator to evaluate the capacity of noradrenaline stores, was calculated. The ratio of the heterozygote (0.75 Ϯ 0.08) was significantly smaller than that of the wild-type (1.09 Ϯ 0.15) ( p Ͻ 0.05). Thus, the noradrenaline stores of the mutant were more liable to be depleted than those of the wild type. These results indicate that the accumulation and release of noradrenaline were reduced in the mutant as a consequence of the decreased TH activity.
Impaired latent learning in the mutant
Latent learning is the phenomenon in which animals learn a maze at a faster rate if they have been preexposed to the environment (Mackintosh, 1975; Ettenberg et al., 1983) . Chemical lesion of noradrenergic neurons is known to impair the acquisition of latent learning in the water-finding test (Ichihara et al., 1993) . In this test, a nonwater-deprived animal is placed in an environment containing a water tube during a training trial. Then the animal is water-deprived for 1 d and placed back into the same environment for the test of the learning performance. To test whether the modified noradrenaline metabolism would affect the latent learning, we applied the water-finding test to wild-type and TH ϩ/Ϫ heterozygous littermates. The locomotor activity and the exploratory behavior during the training trial, including the time elapsed before starting movement and the frequency of approach to the water tube, were indistinguishable between the two genotypes (data not shown). As shown in Figure 3A , the latencies for the finding and drinking performances were not significantly different between the nontrained wild-type and heterozygous mutants. However, when the wild-type mice were preexposed to the test apparatus, the latencies for the finding and drinking performances became significantly shorter than those in the nontrained wild-type (finding latency, p Ͻ 0.05; drinking latency, p Ͻ 0.01) (Fig. 3A) . In marked contrast, the training did not shorten the latencies in the heterozygous mutant, suggesting the impairment of latent learning.
If the aforementioned learning deficit in the heterozygous mutant would be caused by the reduction in the noradrenaline level in the brain, the performance is expected to be improved by manipulations that activate the noradrenaline system. To test this possibility, we used a noradrenaline reuptake inhibitor, desipramine, to stimulate the noradrenergic activity. The wild-type and heterozygous mutant mice were treated with desipramine (7.5 mg/kg, i.p.) or saline before exposure to the test apparatus (Fig.  3B ). In the heterozygous mutant, the latencies for both finding and drinking performances after training were significantly shorter in the desipramine treatment group than those in the saline treatment group (finding latency, p Ͻ 0.01; drinking latency, p Ͻ 0.01) (Fig. 3B) . On the other hand, the desipramine treatment did not affect the latencies in the wild-type mice. The latencies of the desipramine-treated heterozygous mutant were comparable with those of the wild-type mice. These results suggest that the deficit in latent learning in the heterozygous mutant is attributed predominantly to the reduced noradrenaline level in the brain. Also, the failure to improve the learning performance in the wild type by desipramine treatment suggests that the normal level of noradrenaline is sufficient for the latent learning.
Impaired associative learning in the mutant
Active avoidance is a behavioral paradigm for evaluating associative learning by monitoring the performance of animals to escape an aversive unconditioned stimulus (US) that has been paired with a conditioned stimulus (CS). Noradrenaline depletion by chemical lesion is reported to cause deficits in the acquisition of active avoidance learning (Archer et al., 1982) . Thus, we examined whether the altered noradrenaline metabolism in the TH ϩ/Ϫ heterozygous mutant was accompanied by deficits in active avoidance learning. We used a shuttle box paradigm in which a tone cue-dependent avoidance from an electric foot shock was scored. The sensitivity to pain was measured by the tail-flick test. The flick latency was indistinguishable between the wild-type (6.2 Ϯ 0.3 sec, n ϭ 4) and heterozygous mutant (6.6 Ϯ 0.2 sec, n ϭ 4), indicating that the mutant could respond normally to the foot shock. When the mice were subjected to the active avoidance task (Fig. 4 A) , the wild type showed a normal acquisition of the avoidance responses, which reached the plateau on the fifth trial day with 92% success of avoidance. In contrast, the heterozygous mutant learned more slowly, and the rate of the successful response was significantly lower than that of the wild-type mice up to the fifth trial day (Fig. 4 A) . The success of avoidance in the fifth trial was 75%. There was a significant interaction between the genotypes and trial numbers (F (6,132) ϭ 2.531, p Ͻ 0.05). The impairment of active avoidance in the heterozygous mutant was restored by desipramine treatment (7.5 mg/kg, i.p.) (Fig. 4 B) . These results suggest that the impaired active avoidance in the mutant is attributed to the reduced noradrenaline level in the brain.
To evaluate the performance of associative learning in the TH ϩ/Ϫ heterozygous mutant by a different learning paradigm, we conducted the tone-cued fear conditioning (Davis et al., 1994; LeDoux, 1995) . In this paradigm, a foot shock US was associated with a tone CS during the training session, and probability of the A, Impaired learning performance in the heterozygous mutant. The wildtype and heterozygous mutant mice were explored to the water-finding test. Two-way ANOVA showed a significant interaction between genotype and training for finding latency (F (1,38) ϭ 4.662, p Ͻ 0.05) and for drinking latency (F (1,38) ϭ 5.827, p Ͻ 0.05). *p Ͻ 0.05 versus nontrained wild-type mice; **p Ͻ 0.01 versus nontrained wild-type mice; and †p Ͻ 0.05 versus trained wild-type, significant differences according to Newman-Keuls test. B, Recovery from the learning defects by desipramine treatment. Mice were treated with saline or desipramine (7.5 mg/kg, i.p.) 45 min before training and were tested for the same task. ANOVA indicated a significant interaction between genotype and treatment for finding latency (F (1,39) ϭ 12.045, p Ͻ 0.005) and for drinking latency (F (1,39) ϭ 10.397, p Ͻ 0.005). **p Ͻ 0.01 versus saline-treated wild-type mice; † †p Ͻ 0.01 versus saline-treated heterozygotes, significant differences according to Newman-Keuls test. Figure 4 . Active avoidance task. The wild-type and heterozygous mutant mice were tested with the shuttle box paradigm. Mice were treated intraperitoneally with saline or desipramine (7.5 mg/kg) every day 45 min before the trial. Percentage of successful avoidances in 10 trials/d is plotted. Values indicate mean Ϯ SEM of data. In the saline-injected animals ( A), according to two-way ANOVA there were significant main effects between genotypes (F (1,22) ϭ 18.513, p Ͻ 0.001) and among trial days (F (6,132) ϭ 83.730, p Ͻ 0.001). The interaction between the two factors was significant (F (6,132) ϭ 2.531, p Ͻ 0.05). *p Ͻ 0.05; **p Ͻ 0.01, significant differences from the wild-type mice according to the NewmanKeuls test. In the desipramine-treated animals ( B), the main effect among trial days was significant (ANOVA, F (6,120) ϭ 63.776, p Ͻ 0.001), the main effect between genotypes was not significant, and there was no interaction between genotype and trial day. freezing behavior to the subsequent tone CS was measured (Fig.  5A) . At 1 hr after the conditioning, both wild-type and heterozygous mutant mice exhibited similar probability of freezing response with no significant difference. The probability was by approximately three times higher than that measured in the preconditioning period, indicating that the two genotypes learned association of the tone CS and the foot shock US. In contrast, at 24 hr after the conditioning, the wild type sustained the performance, whereas the freezing probability in the mutant was moderately but significantly reduced from the value at 1 hr after the conditioning. These results suggest that memory storage or retrieval was mildly impaired in the heterozygous mutants, although they exhibited normal learning acquisition. Again, the learning deficit in the heterozygous mutant was restored by desipramine treatment (15 mg/kg, i.p.) after the conditioning (Fig. 5B) , suggesting that normal noradrenergic activity is required for longterm memory of the conditioned fear.
To further evaluate the performance of associative learning, we examined the conditioned taste aversion that requires an association between a taste CS and visceral malaise-inducing US (Yamamoto et al., 1994 (Yamamoto et al., , 1995 . In the training session, the animals receive a novel taste (0.5 M sucrose) from a drinking bottle as a CS, followed by an intraperitoneal injection of lithium chloride as a US. The US induces a sickness soon after the injection, and thus conditioned animals show aversive behavior to the taste CS. Acquisition and retention of aversive responses were tested after the conditioning to 0.5 M sucrose as the taste CS (Fig. 6 A) . On day 1 after the conditioning, both wild-type and heterozygous mutant mice exhibited the taste aversion to a similar extent. The sucrose intake was significantly lower than that in the preconditioning control period. On day 2, the wild type continued to exhibit aversive responses, whereas the heterozygous mutant took sucrose to almost the same extent as during the preconditioning period. Post-training desipramine treatment (15 mg/kg, i.p.) also Figure 5 . Cued fear conditioning. The wild-type and heterozygous mutant mice were tested 1 and 24 hr after conditioning for freezing in the presence of a continuous sound for 1 min. Freezing response was tested in advance in the preconditioning period of 1 min (Pre). Mice were treated intraperitoneally with saline or desipramine (15 mg/kg) after the conditioning phase. Values indicate mean Ϯ SEM of data. In the salineinjected animals ( A), there was a significant interaction between genotype and trial time (ANOVA, F (2,40) ϭ 4.94, p Ͻ 0.05). **p Ͻ 0.01, significant difference from the wild-type mice according to the Newman-Keuls test. In the desipramine-injected animals ( B), there was no interaction between the two factors. Figure 6 . Conditioned taste aversion. Mice were tested 1 and 2 d after conditioning by measuring sucrose intake for 10 min from one drinking bottle. Sucrose intake in the preconditioning period (Pre) is shown. Mice were treated intraperitoneally with saline or desipramine (15 mg/kg) after the conditioning phase. Values indicate mean Ϯ SEM of data. In the saline-injected animals ( A), there was a significant interaction between genotype and trial day (ANOVA, F (2,22) ϭ 4.15, p Ͻ 0.05). **p Ͻ 0.01, significant difference from the wild-type mice according to the NewmanKeuls test. In the desipramine-treated animals ( B), there was no interaction between the two factors. restored the learning performance in the heterozygote (Fig. 6 B) . These findings are consistent with the results obtained from the cued fear conditioning and suggest that the noradrenaline system plays an important role in the formation of the associative longterm memory.
Normal spatial learning and hippocampal LTP in the mutant
Noradrenaline has various electrophysiological actions on the hippocampal neurons, including an enhancement of LTP (Huang and Kandel, 1996; Raman et al., 1996; Thomas et al., 1996) . These data suggest a possible modulatory role of noradrenaline in the hippocampus-dependent behaviors. We thus conducted the hidden platform water maze task to evaluate the performance of the hippocampus-dependent spatial learning. Both wild-type and heterozygous mutant mice learned the task and displayed no difference in escape latency between the two genotypes (Fig. 7A) . After the mice learned the quadrant in which the hidden platform was present, the platform was removed and the mice were subjected to the probe test. Both wild-type and heterozygous mutant tended to search in the correct quadrant and spent more time there than in the other three quadrants ( p Ͻ 0.01) (Fig. 7A) . Consistent with these behavioral results, we found that LTP was normal in the heterozygous mutant mice (Fig. 7B) . When measured at 60 min after the tetanus, the slope of the field EPSP in the CA1 region potentiated to 136 Ϯ 5 and 136 Ϯ 9% of the baseline value for the wild-type and heterozygous mutants, respectively. The field EPSP slope in the CA3 region was 156 Ϯ 28 and 155 Ϯ 13% of baseline for the wild-type and heterozygous mutant, respectively. These behavioral and electrophysiological data indicate that the decrease in noradrenaline level in the heterozygote does not cause significant impairment of hippocampal functions, suggesting that the hippocampus-dependent learning is resistant to the reduction in the noradrenergic activity.
DISCUSSION
The present study demonstrates that the noradrenaline system plays an important role in memory formation in certain learning paradigms. The diminished TH activity in mice carrying a single mutated allele of the TH gene resulted in a moderate reduction in noradrenaline synthesis and secretion in the brain. The mutant mice exhibited impairment in the latent learning and in three distinct forms of associative learning, whereas the spatial learning and hippocampal LTP remained intact in the mutant. The impaired performance in the latent and associative learning para- digms was restored by the drug-induced stimulation of noradrenergic neuronal activity, suggesting that the learning deficits in the mutant are attributable to the reduced noradrenaline level because of the low TH activity.
Our preliminary histological analysis with cresyl violet staining indicated normal morphology of the brain in TH heterozygous mutant at adulthood (data not shown). We did not find any structural abnormalities in various brain regions of the mutant, including the olfactory bulb, cerebral cortex, hippocampus, amygdala, thalamus, hypothalamus, midbrain, and pons medulla. These results suggest that a mild reduction in noradrenaline level does not cause significant developmental abnormalities of the brain, at least at the light microscopic level we have examined so far. Therefore, the behavioral deficits observed in the mutant might well be associated with the functional disturbance in the noradrenaline system. Latent learning is considered to depend on attention and arousal (Mackintosh, 1975; Ettenberg et al., 1983) . The waterfinding test adopted in this study has been used to assess changes in neuropsychological functions caused by drugs that enhance or repress catecholaminergic activity (Ichihara et al., 1989 (Ichihara et al., , 1993a . Previous behavioral studies suggest that the noradrenaline system can be implicated in attention and arousal in both rodents and primates (Sara and Devauges, 1989; Devauges and Sara, 1990; Cole and Robbins, 1992; Aston-Jones et al., 1994) . At the cellular level, noradrenaline is known to enhance neuronal responsiveness to sensory input by inhibiting the background activity of the target neurons and to increase the selectivity of the responses to relevant stimuli (Foote et al., 1983; Robbins and Everitt, 1995) . The enhancement of the signal-to-noise ratio in the sensory responses appears to be the cellular basis by which the noradrenaline system controls attention and arousal states. These results suggest that the impaired latent learning in the TH ϩ/Ϫ heterozygous mutant may be attributed to the altered state in attention and arousal because of the reduced noradrenaline level.
The TH ϩ/Ϫ heterozygous mutant displayed modest deficits in three kinds of associative learning paradigms, including active avoidance, cued fear conditioning, and conditioned taste aversion. In the cued fear conditioning and conditioned taste aversion, the heterozygous mutant mice, when tested shortly after the training, exhibited learning performance to almost the same extent as the wild-type mice. However, when tested again after a certain time interval, the mutant mice displayed poor performance as though they had forgotten the task. These results suggest that, in the heterozygous mutants, the short-term memory formation is normal but the consolidation process for the long-term memory is impaired. In the active avoidance, the heterozygous mice learned the performance more slowly than the wild-type animals during the successive training. In this paradigm, the performance was examined daily at 24 hr intervals. Considering the results obtained from the other two associative learning paradigms, the impairment in the active avoidance can be explained by the defect in the consolidation process of the memory. The defect in memory consolidation after daily training may lead to the slow acquisition rate of learning performance in the mutant. Together, the data indicate that the central noradrenaline system plays a key role in long-term memory formation of conditioned learning. This process is highly susceptible to a reduction in the noradrenergic activity.
Several behavioral studies have indicated that the three forms of associative learning we conducted here require the amygdala and its linking pathways. In the tone-dependent associative learning, the lateral nucleus of the amygdala is reported to link the acoustic CS via the thalamo-amygdala or thalamo-corticoamygdala pathway with the fear response (LeDoux et al., 1990; Romanski and LeDoux, 1992) . In the active avoidance task, one of the output projections from the amygdala to the nucleus accumbens provides an important route by which the associative processes in the amygdala access to the emotional response (Everitt et al., 1991) . In the conditioned taste aversion task, the gustatory CS is thought to be integrated with the visceral aversive stimulus in the lateral nucleus group of the amygdala (Yamamoto et al., 1994 (Yamamoto et al., , 1995 . Previous pharmacological studies have suggested that the noradrenaline system in the amygdala is implicated in memory formation. The infusion of noradrenaline into the amygdala enhances memory consolidation in the passive avoidance task via ␤-adrenergic receptors (Gallagher et al., 1977; McGaugh et al., 1996; Quirarte et al., 1997) . Also, the neurotoxic depletion of the noradrenaline system in the amygdala attenuates memory formation of conditioned taste aversion (Borsini and Rolls, 1984) . These results suggest that impairment of associative learning in the heterozygous mutant may be attributed in part to dysfunction of the amygdala.
We need to consider the role of the cerebral cortex in long-term memory formation to explain the impaired associative learning in the TH mutant. The perirhinal cortex is considered to be required for conditioned learning dependent on auditory or visual stimuli, particularly during the post-training phase (Campeau and Davis, 1995; Corodimas and LeDoux, 1995) . Lesion of the insular cortex, which contains the gustatory cortex, disrupts the retention of the taste aversion (Yamamoto et al., 1980; Gallo et al., 1992) . Also, activation of some protein kinases in the insular cortex is involved in consolidation of long-term taste memory (Berman et al., 1998) . Anatomically, noradrenergic fibers project to the entire cerebral cortex (Moore and Card, 1984) . They modulate the excitability of pyramidal neurons in various areas of the cerebral cortex (Foote et al., 1983; Robbins and Everitt, 1995) . Therefore, dysfunction in the cerebral cortex attributable to the reduced noradrenergic activity in the mutant may lead to the impairment in long-term memory formation.
In this study, we used desipramine to restore the behavioral deficits in the TH mutant mice. Desipramine inhibits the reuptake of noradrenaline into presynaptic terminals. The resulting elevation of extracellular noradrenaline level acutely stimulates adrenergic receptors. Chronic exposure of desipramine is known to cause downregulation or desensitization of the receptors. According to a previous study (Seo et al., 1999) , chronic treatment of desipramine (10 mg/kg, once daily for 10 d) produces downregulation of ␤-adrenergic receptors in the brain. In our study, we treated the animals with a single injection of desipramine (7.5 or 15 mg/kg) for the water-finding, fear conditioning, and taste aversion tests, or with a daily injection for 7 d of desipramine (7.5 mg/kg) for the active avoidance test. These treatment conditions do not seem to induce downregulation of adrenergic receptors. The pharmacological restoration of the behavioral deficits is mainly attributed to the stimulatory effects on the receptors of desipramine, and the restoration may not be associated with downregulation of the receptors.
Anti-depressants are generally known to take several days to develop the efficacy in humans. In contrast, desipramine treatment efficiently improved the behavioral deficits in the mutant mice. In our study, the primary cause of the behavioral deficits was a reduction in noradrenaline metabolism attributable to the heterozygous mutation in the TH gene. Therefore, the deficits were clearly restored by the desipramine-induced stimulation of noradrenaline system. Alterations in the central noradrenaline system also seem to be implicated in the pathological states of several neuropsychiatric disorders, but they may not simply result from the reduced noradrenaline metabolism. Changes in other neurotransmitter systems may be also involved in the disorders. Anti-depressants may improve the pathological states gradually through complex mechanisms.
For a clearer understanding of the behavioral abnormalities in the TH mutant, it is of importance to determine alterations in noradrenaline metabolism and neuronal activity correlated with the behavior in specific brain regions, such as amygdala and some cortical regions. Our mutant mice should provide a genetic model for studying the mechanism by which the noradrenaline system controls memory formation. There is a possibility that the reduced noradrenaline metabolism during development may cause modulations in a variety of physiological properties, such as the binding density of adrenergic receptors, their intracellular signal transduction, and interaction with other neurotransmitters. We cannot rule out these pleiotropic effects of developmental reduction of noradrenaline. However, our mutant mice are useful to elucidate possible alterations in physiological states resulting from the alleviation of the central noradrenaline system in the future.
